The VicRK 2-component system of Streptococcus mutans regulates genes associated with cell wall biogenesis and biofilm formation. A putative RNase III-encoding gene (rnc) is located downstream from the vicRKX operon. The goals of this study were to investigate the potential role of VicR in the regulation of adjacent downstream genes and evaluate transcription levels of vicR during planktonic and biofilm growth. Quantitative real-time polymerase chain reaction (qRT-PCR) was used to investigate whether vicRKX and adjacent downstream genes were cotranscribed. Binding of purified recombinant VicR protein to promoter regions of vicR, rnc, and syfA genes was confirmed by electrophoretic mobility shift assay and by chromatin immunoprecipitation analyses. VicR antisense (ASvicR) RNA was detected by Northern blotting and qRT-PCR assays. ASvicR overexpression mutants were constructed, and the biofilm biomass was determined by crystal violet microtiter assay. Adjacent downstream genes rnc, smc, syfA, smu.1511, and syfB were cotranscribed with vicRKX. The predicted promoter regions of vicR, rnc, and syfA genes were directly regulated by VicR. An ASvicR RNA transcript was detected upstream of the rnc gene. Expression of the ASvicR RNA transcript was elevated in planktonic cultures and repressed during biofilm growth. In addition, Western blot data showed that expression of the VicR protein decreased by 35% in planktonic as compared with biofilm cultures. Furthermore, we show that overexpression of ASvicR led to a reduction in biofilm formation. The downstream genes rnc, smc, syfA, smu.1511, and syfB are cotranscribed with vicRKX. VicR is autophosphorylated, and rnc and syfA are directly regulated by VicR. Expression of VicR protein correlated inversely with different levels of ASvicR RNA transcript and growth conditions. The biofilm biomass decreased in the ASvicR overexpression mutant. These data suggest a role for the ASvicR RNA transcript in posttranscriptional regulation of VicR protein production in S. mutans.
Introduction
Streptococcus mutans is the major cariogenic pathogen that resides in a multispecies microbial biofilm on the tooth surface. The ability of S. mutans to sense and adapt to environmental conditions during biofilm formation contributes to its pathogenicity (Smith and Spatafora 2012) . The VicRK 2-component signal transduction system (TCS), originally identified in Bacillus subtilis, is highly conserved in Gram-positive bacteria and regulates genes associated with extracellular polysaccharide synthesis, cell wall homeostasis, and genetic competence (Fukuchi et al. 2000; Senadheera et al. 2005; Stipp et al. 2013) . A typical TCS comprises a histidine sensor kinase membrane receptor and a cognate intracellular response regulator that, upon activation, binds to the regulatory regions of target genes. A third gene, vicX, annotated as a putative hydrolase, is associated with the vicRK operon in S. mutans (Senadheera et al. 2007 ).
Mapping of vicR and neighboring genes with BLAST searches demonstrated the presence of a gene that potentially encodes RNase III (rnc) and a chromosome segregation protein (smc) immediately downstream from the vicRKX operon (Senadheera et al. 2005) . In Escherichia coli, endonuclease RNase III plays a critical role in the specific cleavage of doublestranded RNA structures (Régnier and Grunberg-Manago 1990) . Recently, an rnc-null mutation in S. mutans UA159 was constructed that showed a decrease in biofilm formation (Mao et al. 2018) . Deep sequencing and bioinformatics analyses suggested that RNase III probably affects expression of vicRKX via putative microRNA-size small RNAs that target the vicRKX genes (Mao et al. 2016) . The 108-bp noncoding intergenic region between the vicX and rnc genes contains a predicted VicR-binding consensus motif (Dubrac and Msadek 2004; Ayala et al. 2014) . However, information regarding potential interaction between the S. mutans VicR regulon and RNase III is limited.
Evidence from transcriptome analyses revealed that substantial antisense (AS) as well as intergenic and intragenic transcription occurs in bacteria (Rasmussen et al. 2009; Dornenburg et al. 2010) . A noncoding AS RNA sequence is complementary to that of messenger RNA (mRNA), and their interaction to form a duplex blocks translation to a functional protein. In some cases, the double-stranded RNA complex is a substrate for complete degradation by RNase III Wulff 1987, 1990) . As expected for regulatory factors, some AS RNAs are expressed in response to environmental conditions. In B. subtilis, AS RNA expression levels are associated with sporulation (Silvaggi et al. 2006) . In Helicobacter pylori, expression of ureAB is regulated by AS RNA under neutral-pH conditions (Wen et al. 2011) . In streptococci, VicR activity is modulated by the cognate sensor kinase VicK in response to environmental signals (Dalton and Scott 2004) . In this study, the potential role of VicR in the regulation of adjacent genes was investigated. The close proximity of the rnc gene to the vicRKX operon suggested a functional relationship; therefore, we investigated whether potential AS RNA was specifically associated with regulation of VicR function.
Materials and Methods

Bacterial Strains and Growth Conditions
Bacterial strains and plasmids used in this study are listed in Appendix Table 1 . See Appendix for details of the mutant strains and growth conditions.
RNA Purification for qRT-PCR Assays
Total RNA was extracted with a MasterPure RNA purification Kit (Epicentre). See Appendix for details.
cDNA for qRT-PCR
Aliquots of total RNA were reverse transcribed to cDNA with random hexamer primers or gene-specific primers (Appendix Table 2 ) with the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific; see Appendix for details). qRT-PCR reactions were carried out in triplicate. Threshold cycle values were quantified, and expression of each gene expression was normalized relative to that of gyrA. Data were calculated according to the 2 -ΔΔCT method (Bustin et al. 2009 ).
Protein Extraction and Western Blotting
The expression of VicR protein in S. mutans cells after planktonic or biofilm growth was quantified by Western blot. See Appendix for details of protein exaction and Western blotting.
Electrophoretic mobility shift assays (EMSAs) were used to determine whether rnc and syfA genes in the extended vicR operon were directly regulated by VicR, as previously described (Stipp et al. 2013 ) with modifications (see Appendix for details).
Chromatin Immunoprecipitation and PCR Analyses
Chromatin immunoprecipitation (ChIP) assays were performed with anti-VicR antibody as previously described (Nishikawa et al. 2004 ) with minor modifications. Primers were designed to amplify predicted promoter regions for vicR, rnc, and syfA genes (Appendix Table 2 ).
Detection of vicR AS RNA by Northern Blotting and RT-PCR Assays
Detection of AS RNA was carried out by Northern blotting as well as RT-PCR with a first strand-specific primer for synthesis of cDNA transcripts (Ho et al. 2010) . Oligonucleotide primers (PCR3) used for first strand synthesis PCR are listed in Appendix Table 2 (see Appendix for details).
5′ Rapid Amplification of cDNA Ends
Total RNA (10 µg) from UA159 was ligated to the 5′ rapid amplification of cDNA ends (RACE) outer adapter from the FirstChoice RLM-RACE Kit (Ambion) as described previously (Nishikawa and Duncan 2010) . Primers used for PCR reactions for 5′ RLM-RACE were listed in Appendix Table 2 . See appendix for subsequent nested PCR conditions and sequencing.
Construction of ASvicR Mutants
The low copy number shuttle vector pDL278 was used to express the ASvicR sequence under the control of the vicR promoter region (Appendix Fig. 3 ) and transformed into S. mutans UA159 strains. Biofilm growth and acid production curves were measured in mutant and UA159 parent strains (see Appendix for details).
Crystal Violet Microtiter Assay to Measure Biofilm Biomass
The biomass of UA159, ASvicR, and pDL278 empty vector control strain biofilms was determined by crystal violet assay as previously described (Chen et al. 2017 ; see Appendix for details).
Data Analysis
The Shapiro-Wilk test was used to determine whether the data were normally distributed, and Bartlett's test was performed to assess the homogeneity of variances. For parametric testing, 1-way analysis of variance was used to compare the data, followed by pairwise multiple comparisons (Tukey test).
Results
Extended VicR Gene Cluster
Downstream from the vicRKX operon in S. mutans UA159, a cluster of 5 genes (SMU_1514 to SMU_ 1510) is transcribed in the same orientation (Fig. 1A) . RT-PCR with a series of overlapping primers suggested cotranscription of a polycistronic mRNA comprising at least vicX and the 5 downstream genes ( Fig. 1B-D) , suggesting that the cluster may be transcribed as a single unit. It was previously demonstrated that the vicRKX genes were cotranscribed (Senadheera et al. 2005) ; therefore, there are possibly 8 genes in an extended regulon. In addition, using the FindTerm database (http://linux1.softberry.com/ berry.phtml?topic=findterm&group=programs&subgroup=gfi ndb) predicted a putative transcriptional terminator located at the end of syfB gene that was scored as a "strong" rho-independent bacterial terminator.
The extended vicR gene cluster included 2 noncoding regions of 442 and 106 bp that are potential promoter regions for rnc and syfA, respectively ( Fig. 1A ; Appendix Fig. 1A, B) .
By EMSA, we showed that VicR protein bound to DNA fragments from vicR, rnc, and syfA promoter regions ( Fig. 2A) . To confirm the EMSA results, we used ChIP in which S. mutans UA159 DNA-VicR complexes that formed in vivo were immunoprecipitated with VicR-specific antibody or with Immunoglobulin G (IgG) (negative control). VicR ChIP input and output fractions contained DNA sequences for the promoter regions of rnc, syfA, and vicR that were identified by PCR with gene-specific primers, while only background levels of these sequences were found in IgG immunoprecipitates (Fig. 2B, C) . These data indicate that at least rnc, smc, syfA, act, and sfyB are part of the VicR regulon.
vicR Gene Cluster Contains a vicR AS RNA That Negatively Affects Production of VicR Protein
We investigated whether potential AS RNA was specifically associated with vicR with first-strand cDNA synthesis to detect Excess cold (unlabeled) promoter DNAs were used to outcompete VicR-specific binding. In each case, binding was reduced in the presence of excess nonlabeled DNA, suggesting specificity of VicR binding. The promoter of the gtfB gene, which contains a known VicR binding site, was used as a positive control. As the negative control, a DNA fragment the same size as the vicR promoter and with a similar AT:GC mole ratio, though missing the VicR consensus-binding sequence, was used to rule out nonspecific binding. (B) PCR was used to detect promoters of rnc, syfA, and vicR in ChIP input and output fractions after precipitation anti-VicR; IgG-immunoprecipitated fractions were used as controls. As in panel A, the negative control was the VicR promoter region without the consensus-binding sequence, which could not be immunoprecipitated by VicR-specific antibody in the output DNA. (C) Western blotting of anti-VicR-immunoprecipitated ChIP fractions was probed with affinity-purified VicR-specific antibody. Western blotting of the immunoprecipitates showed that VicR-DNA complexes were present in the starting DNA fraction (input) and in the VicRimmunoprecipitate (output), while the IgG immunoprecipitate contained only traces of protein.
the transcript in S. mutans UA159. The sense and AS sequences of the vicR gene (SMU_1517) are shown in Appendix Figure  1C . Total RNA was prepared from strain UA159 grown as planktonic or biofilm cultures in brain heart infusion (BHI) without and with added sugars (to final concentrations of 1% glucose or sucrose). These RNA samples were used as templates for first-strand DNA synthesis with vicR AS-(PCR3) and sense-specific primers (AS11; Appendix Table 2) . A vicR AS transcript of the predicted size (approximately 587 bases) was detected in each culture except for biofilm cells grown in BHI without additional carbon source (Fig. 3C, lane 4) . The ASvicR RT-PCR product was subsequently sequenced. Expression of ASvicR quantified by qRT-PCR was highest in planktonic cells grown without additional carbon source (Fig. 3B) ; expression decreased by approximately 60% in planktonic cells grown with glucose and by almost by 70% in the presence of sucrose. The level of ASvicR in biofilm cultures was lower than that in planktonic cells, especially in the absence of an additional carbon source (Figs. 3B, lane 4; 3C, column 4). In addition, the differences in ASvicR abundance in planktonic cells versus biofilms were confirmed with Northern blotting (Fig. 3A) . Western blots probed with anti-VicR antibody clearly showed that the level of VicR protein was highest in biofilm cells cultured without additional carbon source (Fig. 3D , lane 4 in the upper panel and column 4 in the lower) and that ASvicR was significantly reduced in the same culture (Fig. 3B , lane 4; 3C, column 4). A similar trend was observed in planktonic cultures in BHI with 1% sucrose (Figs. 3C, D, lane 2) .
We used 5′ RACE for additional confirmation of ASvicR and to determine its 5′ terminus; the primers used in the PCRs are listed in Appendix Table 2 . The position of primers used for 5′ RACE assays are indicated in Figure 4A . Gel electrophoresis of the 5′ RACE PCR amplicon indicated that the size was approximately 289 bp (Fig. 4B) , and sequencing showed that it contained 253 bp of ASvicR RNA sequence from 1,446,139 to 1,446,392 bp in the S. mutans UA159 genome (Fig. 4C ) and 36 bp of 5′ RACE inner primer. The sequence predicts that the 5′ terminus of ASvicR begins within the 5′ terminus of the vicK sensor kinase and covers most of the vicR coding sequence, including the DNA binding and dimerization domains, and extends into the receiver domain.
Overexpression of ASvicR Leads to a Reduction in Biofilm Formation
An ASvicR overexpression mutant was constructed, and expression levels of ASvicR and vicR mRNA were quantified. S. mutans cells were incubated to midexponential phase in BHI media, supplemented with sucrose (1%). The transcription of ASvicR in the ASvicR-overproducing strain was 2.5-fold higher than in UA159 parent cells (Fig. 5C) , which was confirmed by Northern blotting (Fig. 5B) . Correspondingly, the level of vicR mRNA in the ASvicR strain decreased by 74% when compared with the UA159 strain, while the addition of a pDL278 empty plasmid did not affect the expression levels of ASvicR RNA and vicR mRNA (Fig. 5C ). Next, we evaluated the specific effects of ASvicR overexpression on the ability of the strains to form biofilms. Bacteria were allowed to form biofilms in BHI with 1% sucrose for 24 h. The biomass was quantified by crystal violet microtiter assay, which showed that overexpression of ASvicR resulted in a 50% decrease in biofilm growth as compared with the UA159 parent strain (Fig. 5D ). The effects of ASvicR overexpression on acid production by the strains were also investigated. A progressive decrease of pH values was observed after 9 h of incubation in the ASvicR overexpression strain, starting close to 7.5 and ending <5.5, which was a slower decrease versus the UA159 strain (Fig. 5E) . However, additional studies on the linkage of ASvicR to cariogenic phenotypes of S. mutans are justified.
In the present study we showed that VicR binds to the promoter region of 3 downstream genes: syfA, SMU.1511c, and syfB. How this regulator affects their expression and whether ASvicR and RNase III are involved also warrant further investigation. In summary, we detected and confirmed 676-bp noncoding AS RNA with the potential to attenuate the functions of the essential response regulator VicR. Furthermore, we show that overexpression of ASvicR leads to a reduction in biofilm formation.
Discussion
The VicRK TCS is highly conserved in Gram-positive bacteria and is annotated as YycG/YyF in some genera. It was recently proposed to rename the system WalKR because of its larger role in the regulation of genes associated with cell wall synthesis (Dubrac et al. 2008) . Transcriptome data indicated that 128 S. mutans genes (approximately 6.5% of the genome) were deferentially regulated by VicR (Dmitriev et al. 2011) . The inability to construct vicR mutants in S. mutans predicted that the regulator gene was also essential for growth in this species (Senadheera et al. 2005 ). Subsequently, it was shown that the essentiality of VicR was related to its role as a regulator of the expression of glucan-binding protein B (gbpB), the S. mutans orthologue of pcsB, an essential gene in Streptococcus pneumoniae (MattosGraner et al. 2006; Stipp et al. 2013 ) that appears to play a role in cell division (Bartual et al. 2014) . Although vicK mutants were viable, they showed altered expression of genes associated with the synthesis of extracellular matrix and decreased genetic competence (Senadheera et al. 2005) . In addition to activating its cognate response regulator VicR, the sensor kinase VicK facilitates in vitro cross talk by phosphorylating the orphan response regulator GcrR in the presence of manganese .
Several new genes in the region of vicR locus were assigned to the VicR regulon because EMSA showed that VicR bound to their promoters. However, the function annotated for the smc gene, an ATPase associated with chromosome segregation (Minnen et al. 2011; Attaiech et al. 2015) , aligns more closely with the function of other genes in the extended VicR regulon (i.e., cell wall biogenesis and cell division). The most distal genes in the vicR cluster encoded phenylalanine tRNA synthetase subunits α and β and an acetyltransferase that may play a role in modulating protein function by acetylation; links between these and other genes regulated by VicR are, as yet, unclear. The close proximity of rnc to vicRKX suggested a potential interaction and role in regulation of VicRK TCS. Evidence from transcriptome analyses revealed that substantial AS transcription, as well as intergenic and intragenic transcription, occurs in bacteria (Dornenburg et al. 2010) . Rnc-encoded RNase III endonuclease activity was shown to cleave RNA-RNA duplexes in Escherichia coli, such as AS RNA complexed with its complementary sense strand (Thomason and Storz 2010) . AS RNA has long been used as a strategy of mRNA interference to inhibit the translation of specific proteins in bacterial pathogens (Ji et al. 2001 ). In S. mutans, an inducible AS RNA approach was used to identify and characterize several novel essential genes (Wang and Kuramitsu 2005) . Induction of gbpB AS RNA led to reduced production of GbpB, indicating the feasibility of an AS RNA strategy to downregulate GbpB protein function (Duque et al. 2011) . It is anticipated that, as with 2-component systems, AS RNAs are expressed in response to environmental conditions-for example, regulation of pilin expression in Neisseria meningitides in response to salt stress (Tan et al. 2015) .
In S. mutans, the VicRK TCS was shown to affect the expression of glucosyltransferases gtfB/C/D associated with biofilm formation (Senadheera et al. 2005) . Genes regulated by VicR are involved in exopolysaccharide synthesis and cell wall biogenesis (Stipp et al. 2013) . As a response regulator, VicR activity is considered to be modulated by the cognate VicK sensor kinase that responds to environmental stimuli (Dalton and Scott 2004) . Expression of vicR is not regulated by only VicK and VicX, since loss of vicK, vicX, or vicKX does not alter VicR-LacZ activity (Tremblay et al. 2009 ). EMSA data indicated that the vicRKX operon is potentially autoactivated ( Fig. 2A ) in response to a specific environmental condition. Additional regulatory mechanisms may also play a role in fine-tuning expression of certain genes.
By searching the AS strand of the vicRKX operon, a noncoding cis AS RNA (ASvicR) was identified (Fig. 3A) and detected by northern blotting and confirmed by 5′ RACE (Figs. 3C and 4B, respectively) . ASvicR was barely detectable by RT-PCR in UA159 cells grown as biofilms in BHI without added sugar (Fig. 3B , C) compared with planktonic cells in the same medium that produced approximately 8-fold more ASvicR. In contrast, VicR production by biofilm cells was highest, as shown in Westerns probed with anti-VicR antibody (Fig. 3D ). Planktonic cells in the same medium produced 10 times more ASvicR but 3-fold less VicR protein (Fig. 3D) . However, planktonic cells grown in BHI with 1% sucrose showed decreased ASvicR levels and increased production of VicR. Thus, there is an inverse relationship between ASvicR levels and VicR production, which is consistent with the paradigm of the ASvicR-vicRmRNA complex blocking its translation. Our previous study suggested that expression of the vicR gene is elevated during biofilm growth in BHI with 0.1% sucrose (Stipp et al. 2013) . In this study, ASvicR expression could not be detected in biofilm cells grown without an additional carbon source (Fig. 3C) . Possibly, a reduction in carbon source is an environmental signal for decreased expression of ASvicR leading to increased VicR production.
To determine whether ASvicR RNA activity played a role in cariogenic phenotypes of S. mutans, we constructed ASvicR overexpression mutant strains. The effects of ASvicR overexpression on VicR production were tested with planktonic cells grown with 1% sucrose, a condition in which ASvicR expression was low and VicR protein production was elevated in S. mutans UA159 parent cells (Fig. 3C, D) . The ASvicR strains showed a significant increase in ASvicR expression (i.e., 2.5-fold over that of the parent strain; Fig. 5C ) and a 2-fold decrease in VicR protein (Fig. 5A) , suggesting that ASvicR-mRNA duplexes could interfere with and inhibit vicR gene transcription and translation. To provide further confirmation, we evaluated the biomass of the 24h biofilm, and the results showed that the biomass of ASvicR-overexpressing strains was significantly qRT-PCR analysis showed the gene transcripts in UA159, ASvicR, and pDL278. S. mutans gene expression was relatively quantified by real-time PCR with gyrA as an internal control and calculated per UA159 expression, which was set as 1.0. Experiments were performed in triplicate and are presented as the mean ± SD (*P < 0.05). (D) Biomass was quantified by crystal violet staining, and optical densities at 550 nm were measured. Data represent 10 biological replicates and are presented as mean ± SD (*P < 0.05). (E) Effect of overexpression of ASvicR on acid production. UA159, ASvicR, and pDL278 strains were cultured at 37 °C in BHI with sucrose (final concentration of 1%) and acid production curves were determined by measuring the pH values at 1-h intervals. (F) A working model of regulation by ASvicR RNA depends on the formation of ASvicR-vicR mRNA duplexes that prevent the production and function of VicR as an activating response regulator. Included in this model is the ability of RNase III encoded by rnc or an as-yet-unknown activity to degrade the ASvicR-mRNA duplexes and restore production of VicR and, potentially, biofilm formation.
decreased as compared with that of UA159 (Fig. 5D) . Thus, these analyses of biofilm formation again confirm that VicR protein and ASvicR RNA function in biofilm formation by S. mutans. However, a limitation of the present study is the absence of direct evidence showing that ASvicR-mRNA duplexes can be disrupted by rnc-encoded RNase III. Whether additional RNase activities are associated with ASvicR-mRNA degradation remains to be explored.
In summary, the downstream genes rnc, smc, syfA, smu.1511, and syfB are cotranscribed with the vicRKX operon in S. mutans UA159. VicR is autoactivated, and rnc and syfA are directly regulated by VicR. The expression of VicR protein correlated inversely with the levels of a vicR AS RNA transcript and growth conditions. Furthermore, we show that overexpression of ASvicR leads to a reduction in biofilm formation. This model of ASvicR-vicR mRNA regulation is depicted in Figure 5E . Collectively, the data suggest a role for ASvicR as a posttranscriptional modulator of the VicR regulator in S. mutans.
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